Abstract. Steel wire rope -reinforced aluminium composite -has been developed to improve the ballistic properties and mobility of armour material. Critical to obtaining ballistic resistance is that the materials must be sufficiently hard and strong, especially at the surface where a projectile will first make impact. To obtain this resistance, aluminium alloys can be strengthened by adding Cu and Mg. This research studied the ballistic properties of aluminium composites with varied Cu and Mg content. The matrix used in this study was an Al-7Si master alloy with 0.08-1.03 wt. % Mg and 0.05-3.75 wt. % Cu, both independently and in combination. A high carbon steel wire rope was used as strengthening material. The samples were produced through the squeeze casting process with a pressure of 1 MPa at semi-solid melting temperatures of 590-610 0 C. The slab was then rolled for 10 % reduction to increase the hardness. Ballistic testing was performed in accordance with ASTM F1233 by using a 9 mm calibre projectile and 90 0 direction. Micro structural observation was conducted in the as-cast and ballistic samples, performed with optical microscope and scanning electron microscope (SEM). The results showed that squeeze casting may improve interfacial wettability and reduce void. The increase in Mg resulted in the decline of interfacial voids, but Cu addition tended to increase them. The aluminium armour was able to withstand a 9 mm calibre projectile, although some cracks were visible. The wire rope was not effective in stopping the penetration of a 7.62 mm calibre projectile.
Introduction
Materials for armour application have been designed to withstand the penetration of projectiles, depending on metallurgy structure so they can rupture or trap the projectile with high velocity impact loading. This result requires that the materials have high rates of toughness and hardness. Another factor that must be considered in designing armour materials is the mobility of the materials relative to the dimension and weight of the armour.
Having superior ballistic property and stiffness, metals have been developed as armour material; these include steel armour, aluminium armour and titanium armour [1, 2] . Steel has been used as armour material for a long period of time because of the ease of manufacturing, low production cost, and varieties of mechanical properties. On the other hand, steel armour has a high density so it is not suitable for armour materials with high mobility requirements. This situation drives researchers to develop armour materials with both low-density and good ballistic properties [1] .
Currently, high strength aluminium alloy is a very promising metal for armour application because of its low density and good ballistic impact properties. Various aluminium armours have been developed; for instance, 5083-H116 via the cryomilling technique [3] [4] , and aluminium laminate patents [5] [6] [7] . One method for improving the mechanical properties of aluminium alloy is through manipulating the Mg and Cu content, according to Dons, et al. [8] . Sorensen, et al. [9] studied high velocity impact characteristics with 2100m/s using low density projectiles on a 7039 aluminium plate. To improve ballistic characteristics, other materials, such as steel wire, can strengthen aluminium alloys. Balos, et al. [10] developed the use of steel wire for armour materials and investigated the behaviour of wire fence as appliqué armour. The wire fence used was made from commercial high-strength patented wire and the supporting frames were made of mild steel Lprofiles.
Squeeze casting is a special casting technique combining the advantages of high-pressure diecasting and forging technology. The efficacies of squeeze casting are minimized porosity and reduced shrinkage [11, 12] . Mohd. Noor, et al. [13] investigated the microstructure of an Al-Si-Mg alloy reinforced with stainless steel wires and focused on the wetting condition at the interface. The results showed that the wettability of solid metals by liquid metals is very important in determining the needed properties of the composite systems. Referring to the previous studies, this research examined the ballistic properties of steel wire rope -reinforced aluminium composite with varied Mg and Cu content. Also studied the interfacial condition as a part of steel wire rope -reinforced aluminium composite development for armour material through the squeeze casting process.
Materials and Method
The matrix used in this study was an Al-7Si master alloy with varied Mg and Cu content, with compositions as listed in Table 1 . High carbon steel wire rope was used as the strengthening material. Reinforcement was achieved with steel wires of 1.03 mm from high carbon steel wire rope of ANSI/API Spec 9A type. The steel wires were aligned at uniform distances and fixed on a steel mould of 170 mm in height, 170 mm in length and 15 mm in width. The matrix alloy was melted in a crucible furnace at 850 °C and then poured into a steel mould preheated at 300 °C. Squeeze casting was performed at semi solid temperature of 590 -610 °C with 1 MPa pressure in the steel mould. The composite was then rolled at room temperature with a 10 % reduction to increase hardness. The microstructures both in the matrix and near the interface were observed through optical microscope and Scanning Electron Microscope (SEM). Mechanical properties were examined through hardness and tensile testing. Ballistic testing was performed in accordance with ASTM F1233 by using a projectile at a 90 0 direction and an NIJ-0101.05 type of calibre, as shown in Table 2 [14] . 
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Results and Discussion
The Interface Condition. Alloying of the matrix was conducted to improve its mechanical properties and the quality of the cast metal. The increase of Cu content strengthened and hardened the aluminium alloy although this process decreased its castability. Adding Mg content improved and increased wettability on the interface area between the matrix and the steel wire [15] . It was noted that the interface condition is very important in determining the needed properties of the material systems because it functions as the media for transferring the load from reinforce-matrixreinforce [16] . Fig. 1 shows the microstructure on the interface between the steel wire and the matrix with varied Mg content. The microstructures of the matrix are dominated by a dendrite α-aluminium phase, with a needle shape eutectic silicon phase. Alloy with 0.08 % Mg content has more voids at the interface (denoted by V), while the voids are clearly reduced by increasing Mg content from 0.13 % to 0.31 %. The existence of the void indicates poor wettability as the liquid cannot spread on the solid surface. In the composite system, Mg acts as the wetting agent, which functions to provide adhesive bonding between two or more composite elements [13] . Consequently, adding Mg content caused better interface properties, indicating a reduction of void existences. The microstructure of the matrix with 1.92 % Cu, 2.14 % Cu and 3.75 % Cu is presented in Fig. 2 . It shows that decreasing the Cu content reduces void existences. This condition results from the decrease castability as the Cu content increases [17] . The steel wire reinforcement produces an intermetallic phase of Fe-Al-Si. This condition is achieved by the high affinity between aluminium and ferrous ions; therefore, physical-chemical interface reactions develop rapidly at the interface between the aluminium liquid and the wire solid. As a result, intermetallic phase layer with rich Fe will affect the hardness [18] . 3 shows the intermetallic phase layer (denoted by 2) between the matrix Al-Si (denoted by 1) and the steel wire (denoted by 3). Energy Dispersive X-Ray Analysis (EDX) presents the difference of element in each layer, as seen as Table 3 . Even though the intermetallic phase exists at the interface, the layer is not present in area surrounding the interface. Hence, bonding at the interface is not optimal in strengthening the composite. This circumstance needs more study and analysis with various factors that influenced the bonding. Mechanical Properties of Steel Wire Rope -Reinforced Aluminium Composite. Fig. 4 (a) presents the effect of Mg alloying to a matrix hardness of Al-7Si. Increasing Mg content improves hardness from HRB 24.73 to HRB 26.07, or a 5.4 % improvement, achieved through the solid solution strengthening mechanism. The hardness improvement is 12.6 % on rolled composite. The effect of Cu alloying to matrix hardness is shown in Fig. 4 (b) . Increasing Cu content from 1.92 % to 2.14 % and 3.75 % improves hardness from HRB 28.6 to HRB 29.97 and HRB 37.37. Therefore, it may be concluded that increasing Cu content to 3.75 % improves hardness to 30.7 %. Solid solution strengthening also influences this condition. Resulting from the plastic deformation along the rolling process, the hardness increase is present on the composite after rolling at room temperature.
• 1 Figure 4 : Effect of (a) Mg; and (b) Cu content to matrix hardness of Al-7Si,before and after rolling.
The increased hardness, achieved by using the solid solution strengthening mechanism, also occurred on composites with combinations of Mg and Cu content, as seen in Fig. 5 (a) and (b). Regarding composite material, the volume fraction of the reinforced material affects its physical and mechanical properties. The relationship between the volume fraction of reinforcement and the mechanical properties is stated as the Rule of Mixture (ROM), which demonstrates that increasing the volume fraction of the reinforced material improves the mechanical properties of the composite. Fig. 7 shows the Ultimate Tensile Strength (UTS) improvement of 64.41 % on the increasing volume fraction of wire from 1.4 % to 4 %. Ballistic Characteristic of The Composite. Ballistic impact is a high velocity impact using a small mass simulation with a very high strain rate. The ballistic resistance of an armour material is normally characterized in terms of the reciprocal of the areal density of the target material that is required to arrest a particular type of projectile striking with a specific velocity [1, 2] ..This study used ballistic testing including the following 3 (three) steps: (i) type I, with 0.38 sp calibre; (ii) type II, with 9 mm calibre; and (iii) type III with 7.62 mm calibre. The results were investigated by microstructural examinations to observe perforated areas by measuring the diameter of the projectile perforations. Fig. 8 (a-f) presents the perforated area on the composite with an Al-7Si-2.13Cu-0.65Mg matrix, reinforced by steel wire of 2.8 % volume fraction, with and without the rolling process. The diameter of the projectile perforations is shown in Fig. 8 (g) . The diameters on the composites without the rolling process are 5.68 mm (for type I), 14.6 mm (for type II), and 8.68 mm (for type III) while the diameters on the composites with the rolling process are 5.52 mm (for type I), 14.21 mm (for type II), and 8.02 mm (for type III). Due to the greater hardness of the rolled composite plates, the diameters of the projectile perforations for composites with the rolling process are less than those without the rolling process. 9 presents the effect of a wire volume fraction to ballistic properties which indicated by the diameter of the perforated area of a composite of Al-7Si-2.13Cu-0.65Mg matrix without the rolling process. It shows that the diameters of composites with 2.8 % volume fraction and 4 % volume fraction for all types of ballistic testing are different. The value of the diameter can be seen in Fig. 9(b) . Increasing the reinforced volume fraction reduces the perforated diameters for all types of ballistic testing. This condition is affected by the higher absorption of kinetic energy for composite plates with more wire, so the ballistic properties are improved. During ballistic testing, the projectiles with 0.38 sp and 9 mm calibre did not pierce the composite plate although the 9 mm calibre testing resulted in significant cracks on the backside of the plate as described in Fig. 10 (a) . Fig. 10 (b) shows that the wire is deformed by ballistics impact loading and cannot endure the bullet and forward the load through the matrix. The matrix could not absorb the loading and was perforated on backside of the plate, as seen in Fig. 10 (c) . Fig. 11 describes the fracture macrostructure of a composite with an Al-7Si-2.13Cu-0.65Mg matrix reinforced by wire of 4 % volume fraction as a result of ballistic testing type III (using a 7.62 mm calibre projectile). It shows that the projectile pierced through the plate at a depth of 8.64 mm, causing a brittle fracture of the matrix and reallocating the wire (denoted by A). This illustrates that steel wire is not effective enough to withstand the ballistic impact loading from a 7.62 mm calibre projectile. Figure 11 : Cross Section of a composite with an Al-7Si-2.13Cu-0.65Mg matrix reinforced with 4 % volume fraction of wire, resulting from ballistic testing using a 7.62 mm calibre projectile.
Conclusions
• Increasing Mg content from 0.08 wt. % to 0.13 wt. % and 0.31 wt. % and decreasing Cu content from 3.75 wt. % to 1.92 wt. % reduced the existence of void and improved the interface condition.
• Increasing Cu content and Mg content both independently in combination improved the hardness of the Al-7Si matrix.
• The rolling process at room temperature with 10 % reduction improved the hardness and ultimate tensile strength of the composite.
• Increasing wire volume fraction from 1.4 % to 4 % on the composite improved ultimate tensile strength equal to 64.41 %.
• The developed steel wire rope -reinforced aluminium composite can endure a 9 mm calibre projectile of the ballistic testing type II although some cracks are visible.
• The wire rope is not effective in stopping the penetration of the 7.62 mm calibre projectile of the ballistic testing type III.
